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1 [ BACKGROUND

Worldwide, around 55 million people live with dementia, and with

10 million new cases annually, this number is expected to increase
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Christina Jensen-Dahm®? | Christiane Gasse®* |

Abstract

INTRODUCTION: Proton pump inhibitors (PPIs) may increase dementia risk. How-
ever, it is currently unknown whether timing of exposure or age at dementia diagnosis
influence the risk.

METHODS: We assessed associations between cumulative PPl use and dementia at
different ages in a nationwide Danish cohort of 1,983,785 individuals aged 60 to 75
years between 2000 and 2018.

RESULTS: During follow-up, there were 99,384 all-cause dementia incidences. Inci-
dence rate ratio (IRR) of dementia with PPl ever-use compared with never-use was
1.36 (95% Cl, 1.29 to 1.43) for age 60 to 69 years at diagnosis, 1.12 (1.09 to 1.15) for
70 to 79 years, 1.06 (1.03 to 1.09) for 80 to 89 years, and 1.03 (0.91 to 1.17) for 90+
years. Longer treatment duration yielded increasing IRRs. For cases below 90 years,
increased dementia rate was observed regardless of treatment initiation up to >15
years before diagnosis.

DISCUSSION: Regardless of timing of treatment initiation, PPl use was associated with
increased dementia rate before age 90 years. Dementia rates increased with younger
age at diagnosis.
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HIGHLIGHTS

+ After following 1,983,785 individuals for a median of 10 years, 99,384 developed
dementia

* PPIs were used by 21.2% of cases and 18.9% of controls

* PPl use was associated with increased dementia rate regardless of time of treatment
onset

* Magnitude of associations increased with younger age at diagnosis

* PPl use was not associated with dementia occurring after age 90 years

considerably due to an aging world population, making the disease
and its consequences a major global public health challenge.! Rec-
ognizing potential modifiable risk factors for dementia is of high

priority.t
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Proton pump inhibitors (PPIs) suppress acid production in the stom-
ach and are used to treat gastric acid-related conditions such as peptic
ulcers and gastroesophageal reflux disease. Worldwide, the use of PPls
has increased rapidly over the last two decades, particularly among
adults aged 40 years and above.?"® In Denmark, the total PPl use
increased sixfold between 2000 and 2021.” Studies reported over-
prescription of PPIs in both primary and secondary care with around
50% of prescriptions not being accompanied with valid indications for
treatment.8-10

PPIs pass through the blood-brain barrier!! and their use has
been associated with neurological adverse reactions such as migraine,
peripheral neuropathies, and impairment of hearing, vision, and
memory.12-14 Arecent study showed that PPIs potently and selectively
inhibit the enzyme responsible for biosynthesis of the neurotransmit-
ter acetylcholine (choline-acetyltransferase), and thereby may inhibit
neuronal signaling in the brain.1®

In mice, PPIs increased brain beta-amyloid levels,¢ and thus may
be involved in the pathological process of development of Alzheimer’s
disease (AD).1” However, whether this applies to humans and leads to
dementia is currently unknown.

Previous studies investigating the association between PPIs and risk
of dementia reported conflicting findings with some studies reporting
a positive association,'8-21 while other studies showed a negative or
neutral association.?2-24 This could possibly be owing to the hetero-
geneity between data availability and study design.2®

Although not specifically designed to investigate risk differences
according to age at dementia diagnosis, two previous studies observed
greater risk estimates among the youngest cases of dementia com-
pared to older cases.®20 However, most previous studies did not take
this into account,?21-24 and thus, the association between PPl use and
dementia risk in relation to age at dementia diagnosis remains largely
unexplored.

Furthermore, the majority of studies did not consider the timing
of PPI use according to dementia diagnosis, and many did not apply
latency windows between the exposure and outcome. Both factors
are important when assessing a slowly progressing disease such as
dementia in order to reduce reverse causation/protopathic bias.2¢

In this nationwide population-based study addressing previously
understudied aspects of the association between PPl use and dementia
risk, we aimed to assess the influence of age at dementia diagnosis, and

timing of PPl use according to the diagnosis.

2 | METHODS
2.1 | Study population and design

We identified a nationwide cohort of Danish residents aged 60 to 75
years in year 2000 or turning 60 years between 2000 and 2018. Exclu-
sion criteria were registration of a dementia diagnosis (since 1977)
or treatment with a dementia-specific drug (since 1995) before study
entry. To ensure sufficient information on previous medication use, we

did not include individuals who immigrated to Denmark after 1995

RESEARCH IN CONTEXT

1. Systematic review: The existing literature on PPl use and
risk of dementia is inconsistent with previous observa-
tional studies reporting conflicting findings. Most studies
did not differentiate by age at diagnosis or consider the
timing of exposure to PPl according to the diagnosis.

2. Interpretation: Our study based on highly valid real-
world data from Denmark found that PPI use, regardless
of timing of treatment initiation, was associated with
increased risk of all-cause dementia before age 90 years.
We consistently observed higher dementia rates with
younger age at dementia diagnosis.

3. Future directions: Results from our data contribute with
evidence highlighting age at dementia diagnosis to inter-
act substantially with the association between PPI use
and dementia risk. The increasing body of evidence
related to potential serious adverse effects of PPIs call for
scientific attention. Mechanistic studies are warranted to
investigate the link between PPls and cognition, and the
interaction with age.

(the initial year of prescription data availability). Included individuals
were followed from January 1, 2000, or their 60th birthday, whichever
came later, for up to 19 years until first onset of dementia, emigra-
tion, death, or December 31, 2018, whichever came first. The study
population was established by linking the following nationwide Danish
registers: (1) the National Patient Registry,2” (2) the Danish Psychi-
atric Central Research Registry,28 (3) the Danish National Prescription
Registry,2? and (4) the Danish Education Registry®° (Table S1). All
the registers included a pseudonymized unique personal identification
number assigned to all residents in Denmark, permitting unambiguous
linkage of data on the individual level.2”

Within the nationwide cohort, we nested a case-control population
comprising all cases of dementia that occurred during follow-up, each
matched with a set of control individuals sampled from the cohort. On
the date of dementia incidence (index date), each dementia case was
matched to five dementia-free controls of the same sex and birth year
(ie, age) through incidence density sampling.!

2.2 | Outcome

The primary outcome of interest was late-onset all-cause dementia
(defined as dementia of any etiology from age 60 years). An individual
was considered to have dementia either from the date of first dementia
diagnosis or first redemption of a dementia-specific drug (Table S1). In
Denmark, dementia is typically diagnosed in hospital memory clinics,
enabling identification of cases through diagnoses from the National

Patient Registry, providing data on all diagnoses given in Danish
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hospitals since 1977.27 The validity of dementia syndrome diagnoses
in Danish hospital registers is high.>? Prescriptions with dementia-
specific medication (for Alzheimer’s disease, Lewy body dementia, and
Parkinson'’s disease dementia) from the National Prescription Registry
allow for identification of cases diagnosed and managed in primary
care.?? The age at dementia diagnosis/index date was grouped in
10-year age groups (60 to 69 years; 70 to 79 years; 80 to 89 years; 90+
years).

2.3 | Exposure

Information on PPl use (Anatomical Therapeutic Chemical Classifica-
tion System [ATC] code A02BC) in the nested case-control population
was obtained from the Danish National Prescription Registry, holding
complete data on all prescriptions redeemed from pharmacies in Den-
mark since January 1995. Prescriptions included the ATC-code, date of
purchase, package size, unit size, and number of purchased packages.

In Denmark, PPls are primarily used through prescriptions (only
around 2% of the total PPl use in the study period was bought
over-the-counter”).

Five-year exposure lag time windows before index date (ie, omit-
ting any prescriptions of PPl between the date of dementia diagno-
sis/matching and 5 years prior) was consistently applied to diminish
reverse causation bias?® (ie, reducing the confounding impact of poten-
tial changes in prescription patterns of PPI in the prodromal stages
before dementia diagnosis).

A PPl user was defined as an individual who redeemed at least two
prescriptions of PPl between 1995 and the beginning of the lag time
window. Individuals only redeeming one prescription were categorized
separately. PPI subtypes have different potencies and thus, different
recommended daily dosages. Therefore, cumulative exposure to PPls
(whether continuous or discontinuous) was calculated as the total
number of defined daily doses (DDDs) redeemed from prescriptions
between January 1, 1995, until 5 years before the dementia incidence
or matching. DDDs were calculated from prescription information on
the quantity of purchased PPI (Table S2). Timing of treatment accord-
ing to dementia diagnosis was computed as the time between the date

of first PPI prescription and the index date.

24 | Confounding variables

Age, sex, and highest attained educational level (low; medium; high)
were considered demographic and socioeconomic confounders.
Health-related confounders included (1) the presence of cardiovas-
cular disease (CVD) defined as a diagnosis of stroke, the presence
of ischemic heart disease including acute myocardial infarction,
or use of oral antithrombotic medication including anticoagulants;
(2) diabetes mellitus type 1 or 2 defined from diagnoses or use of
antidiabetics; (3) hypertension defined from diagnoses or use of
antihypertensive drugs; and (4) dyslipidemia defined from diagnoses

or use of statins. The health-related confounders were included
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since they are acknowledged risk factors for dementia®334 as well as
associated to use of PPI.3% Variables were assessed at the beginning
of the lag time window. Exact definitions of covariates are shown in
Table S1.

2.5 | Statistical analysis

We applied conditional logistic regression with categorical variables
on the matched case-control population and calculated adjusted inci-
dence rate ratios (IRRs) with 95% confidence intervals (Cls) for the
associations between PPl use and dementia according to age on index
date. PPI never-users constituted the reference group in all analyses.
Associations between ever-use of PPI (at least two prescriptions) as
well as cumulative treatment duration (categorized as <3 months; >3
to 12 months; >12 to 36 months; >36 months) and all-cause dementia
were assessed. Additionally, association between timing of treatment
initiation (ever-use) according to index date and all-cause dementia
was assessed. The timing of PPI initiation was categorized as follows:
(1) within 5 years of index; (2) >5 to 10 years before index; (3) >10to 15
years before index; and (4) >15 years before index. For the PPl initia-
tion subcategory of within 5 years of index, the 5-year lag time window
was not applied.

All models included the above-mentioned confounding variables as
covariates. For educational level, <2% of the population had missing
information, and thus were categorized separately as “unknown”. Infor-
mation on all the remaining confounders was available for all included
individuals. Data were analyzed and categorized using SAS software
version 9.4 (SAS Institute) and R statistical software (R Core Team,
2020).3¢

2.6 | Sensitivity analyses

To test for the robustness of results, sensitivity analyses in three
separate subpopulations were performed as follows: (1) association
between PPl use and dementiain a subpopulation restricted to individ-
uals with a Charlson Comorbidity Index®” (CCl) score of zero (dementia
and peptic ulcer disease were excluded from CCI definition) in order
to test for associations among individuals expected to have a relatively
low burden of chronic somatic comorbidity; (2) association between
PPl use and dementia in a subpopulation restricted to individuals with-
out stroke, since stroke could potentially be an intermediary on the
causal pathway between PPl use and dementia®8; and (3) association
between PPI use and dementia in a subpopulation restricted to indi-
viduals aged 60 to 65 years in 2000, where all included individuals had
similar circumstances of exposure to PPI (in terms of age and calen-
dar time) as well as prescription data availability used to measure the
exposure.

An additional sensitivity analysis tested the association between
each PPl subtype and dementia.

All main analyses were repeated with 2-year lag time and without

lag time instead of the standard 5-year lag time window.
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2,007,777 individuals aged 60-75 years in 2000 or turning 60
years between 2000-2018

23,992 individuals were
excluded due to a previous
dementia diagnosis or previous
use of anti-dementia drugs

v

1,983,785 individuals included in the cohort and followed for
20.5 million person-years

Incidence-density-sampling
99,384 cases of per sex and birth-year 496,920 controls
all-cause dementia [~ 7TTTTTTTTTTT T without dementia

FIGURE 1 Flowchart of the establishment of the cohort and
nested case-control population. During follow-up, 486,312 individuals
were censored due to emigration (n = 11,970) or death (n = 474,342).

To test for potential competing risk of death among users of PPI, an
analysis estimating the association between PPl use and mortality rate

was performed (ever-use vs never-use).

3 | RESULTS

The nationwide cohortincluded 1,983,785 eligible individuals followed
for a total of 20.5 million person-years with a median (first-third quar-
tile) follow-up time of 10.3 years (5.1 to 15.6 years). During follow-up,
there were 99,384 (5.0%) incidences of all-cause dementia. The estab-
lishment of the cohort and nested case-control population is shown
in Figure 1. Among all dementia cases, 55.4% were women, and the
median age at time of diagnosis was 79 years (74 to 83 years) for
women and 77 years (72 to 82 years) for men. Characteristics of cases
and their matched controls are specified in Table 1.

Users of PPIs (at least two prescriptions) comprised 21.2% of
dementia cases and 18.9% of controls, while 7.4% of cases and 7.1%
of controls redeemed one prescription only. The median age at first PPI
prescription was 68 years for both cases and controls.

Figure 2 reports adjusted IRRs of all-cause dementia according to
ever-use and cumulative use of PPI stratified by age groups at index.
Ever-use of PPl was associated with an increased IRR of all-cause
dementia occurring before age 90 years ranging from IRR 1.36 (95% ClI,
1.29 to 1.43) among cases 60 to 69 years old on index to IRR 1.06 (1.03

to 1.09) among cases 80 to 89 years old on index. Increasing treatment

TABLE 1 Characteristics of nested case-control population.

All-cause

dementia Controls

(n=99,384) (n=469,920)
Sex: Female 55,105 (55.4) 275,525 (55.4)

78(73.0t082.6) 78(73.0to82.6)
11.1(7.0to 14.8) 18.2(14.1t0 19.0)

Age at index (years, median)

Follow-up (years, median)

Year of diagnosis (median) 2012(2008to -
2015)
Cardiovascular disease (CVD) 43,006 (43.3) 185,950 (37.4)
Stroke 7333(7.4) 22,046 (4.4)
IHD/AMI 17,819(17.9) 79,482 (16.0)
OAT/OAC 39,082 (39.3) 168,999 (34.0)
Diabetes 10,482 (10.5) 38,418(7.7)
Hypertension 61,763 (62.1) 288,986 (58.2)
Dyslipidemia 28,065 (28.2) 126,799 (25.5)
Educational level
Low 51,218 (51.5) 246,521 (49.6)
Medium 34,009 (34.2) 172,612 (34.7)
High 12,493 (12.6) 69,039 (13.9)
Unknown 1664 (1.7) 8748 (1.8)
PPl user (2+ prescriptions) 21,049 (21.2) 93,751 (18.9)
Age at treatment initiation 68 (62to73) 68 (63to73)

(years, median)

Duration of treatment 3.7(09t021.2) 3.6(0.9t018.6)

(months, median)

One prescription only 7350 (7.4) 35,064 (7.1)

Note. Values are shown either in ‘number of individuals (%)’ or ‘median (first-
third quartile). Shown numbers of PPl use include 5 years lag time window.
Abbreviations: AMI, acute myocardial infarction; CVD, cardiovascular dis-
ease; IHD, ischemic heart disease; OAT, oral antithrombotic medication;
OAC, oral anticoagulants; PPI, proton pump inhibitor.

duration of PPl yielded increasing IRRs in a duration-response manner.
Overall, associations reduced consistently with older age at dementia
diagnosis, and were neutral among those aged 90+ years at diagnosis.
Regardless of timing of treatment initiation up to >15 years before
index, ever-use of PP| was associated with an increased rate of demen-
tia occurring before age 90 years (Figure 3). No category of timing of
treatment initiation was associated with dementia after age 89 years.

3.1 | Sensitivity analyses

In a subpopulation of individuals with a CCl score of zero, estimates of
PPl use and dementia generally reduced compared to those of the main
population, but overall associations with dementia occurring before
age 80 years remained stable (Figure S1). Results remained robust in
sensitivity analyses assessing the association between PPl use and all-

cause dementia in (1) a subpopulation of individuals without stroke
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Duration of PPl use N cases (%)
60-69 years at index

N controls (%)

No use 11,257 (77.3) 60,278 (82.5)
Ever use 2387 (16.4) 8613 (11.8)
<=3 months 743 (5.1) 3007 (4.1)
>3-12 months 676 (4.6) 2579 (3.5)
>12-36 months 470 (3.2) 1574 (2.2)
>36 months 498 (3.4) 1453 (2.0)

70-79 years at index

No use 34,543 (75.0) 179,168 (77.7)
Ever use 8446 (18.3) 36,833 (16.0)
<=3 months 2493 (5.4) 11,184 (4.8)
>3-12 months 2469 (5.4) 11,133 (4.8)
>12-36 months 1653 (3.6) 7061 (3.1)
>36 months 1831 (4.0) 7455 (3.2)
80-89 years at index

No use 24,340 (65.6) 124,210 (67.1)
Ever use 9655 (26.0) 45,469 (24.6)
<=3 months 2446 (6.6) 11,953 (6.5)
>3-12 months 2649 (7.1) 13,027 (7.0)
>12-36 months 2052 (5.5) 9267 (5.0)
>36 months 2508 (6.8) 11,222 (6.1)
90+ years at index

No use 845 (52.7) 4449 (54.9)
Ever use 561 (35.0) 2836 (35.0)
<=3 months 113 (7.0) 588 (7.3)
>3-12 months 167 (10.4) 783 (9.7)
>12-36 months 119 (7.4) 554 (6.8)

>36 months 162 (10.1) 911 (11.2)

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

Adjusted IRR (Clgs)

® Ref
—— 1.36 (1.29-1.43)
—— 1.25 (1.14-1.36)
—— 1.31 (1.20-1.44)
1.45 (1.30-1.62)

1.59 (1.43-1.78)

® Ref
- 1.12 (1.09-1.15)
- 1.1 (1.06-1.16)
- 1.09 (1.04-1.14)
—~— 1.14 (1.08-1.20)
—~ 147 (1.11-1.24)

® Ref
- 1.06 (1.03-1.09)
Lo 1.03 (0.98-1.08)
- 1.02 (0.97-1.06)
— 1.10 (1.04-1.15)
—— 1.10 (1.05-1.15)

® Ref
1.03 (0.91-1.17)
1.01 (0.81-1.26)
_ 1.14 (0.94-1.37)
1.12 (0.90-1.40)
0.90 (0.75-1.09)

08 10 12 14 16 1.8

All-cause dementia

FIGURE 2 Adjusted incidence rate ratios (IRRs) and 95% confidence intervals (Cls) of the association between cumulative duration of proton
pump inhibitor (PPI) use and all-cause dementia. Adjustments were made for educational level, cardiovascular disease, diabetes, hypertension, and
dyslipidemia, with a 5-year lag time window applied. Estimates for “one prescription only” are not shown.

(Figure S2), as well as in (2) a subpopulation of individuals aged 60 to
65 years in year 2000 (Figure S3).

Ever-use of each PPI subtype yielded comparable results with
elevated rates of dementia before age 80 years (Figure S4).

In an analysis estimating competing risk of death, ever-use of PPI
was associated with an increased rate of death, adjusted IRR 2.24 (2.22
to 2.25).

Associations remained largely unchanged in sensitivity analyses

with no lag time and with a 2-year lag time instead of a 5-year lag time.

4 | DISCUSSION

In this real-world population-based case-control study nested in a
nationwide cohort of individuals aged 60 to 75 years in 2000 to 2018,
PPl use was associated with an increased rate of all-cause dementia
before age 90 years. Associations displayed a duration-response pat-
tern and were largest among the youngest cases of dementia (age 60
to 69 years at diagnosis) and decreased with advancing age at diagno-

sis. Initiation of treatment with PPl up to >15 years prior to diagnosis
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PPl initiation according to index N cases (%)

60-69 years at index

POURHADI ET AL.

N controls (%)

No use 9199 (63.1) 53,367 (73.1)
<=5 years before index* 1656 (11.4) 4992 (6.8)
>5-10 years before index 1105 (7.6) 3753 (5.1)
>10-15 years before index 778 (5.3) 2972 (4.1)
>15 years before index 504 (3.5) 1888 (2.6)

70-79 years at index

No use 28,492 (61.8) 153,834 (66.7)
<=5 years before index* 4924 (10.7) 19,561 (8.5)
>5-10 years before index 3564 (7.7) 15,562 (6.7)
>10-15 years before index 2927 (6.4) 12,365 (5.4)
>15 years before index 1955 (4.2) 8906 (3.9)

80-89 years at index

Adjusted IRR (Clgs)

Ref

1.79 (1.69-1.91)
1.56 (1.46-1.68)
1.39 (1.28-1.52)
1.44 (1.30-1.60)

Ref

1.31 (1.27-1.36)
1.16 (1.11-1.21)
1.21 (1.16-1.26)
1.11 (1.06-1.17)

Ref

1.13 (1.09-1.17
1.07 (1.03-1.11
1.07 (1.02-1.11

)
)
)
1.08 (1.03-1.12)

No use 19,721 (53.1) 102,068 (55.1)
<=5 years before index* 4097 (11.0) 18,447 (10.0)
>5-10 years before index 3399 (9.2) 16,042 (8.7)
>10-15 years before index 3328 (9.0) 15,677 (8.5)
>15 years before index 2928 (7.9) 13,750 (7.4)
90+ years at index

No use 697 (43.5) 3692 (45.5)
<=5 years before index* 139 (8.7) 672 (8.3)
>5-10 years before index 154 (9.6) 788 (9.7)
>10-15 years before index 170 (10.6) 844 (10.4)
>15 years before index 237 (14.8) 1204 (14.9)

® Ref

1.08 (0.88-1.33
1.08 (0.85-1.25
1.08 (0.90-1.31

)
)
)
1.01 (0.85-1.19)

[ [ I I I I 1
08 10 12 14 16 18 20

All-cause dementia

FIGURE 3 Adjusted incidence rate ratios (IRRs) and 95% confidence intervals (Cls) of the association between timing of initiation of proton
pump inhibitor (PPI) use and all-cause dementia. Adjustments were made for educational level, cardiovascular disease, diabetes, hypertension, and
dyslipidemia. Asterisks (*) denote that for the category of “<= 5 years before index” there was no 5-year lag time window applied, whereas a
5-year lag time window was applied for all other categories. Estimates for “one prescription only” are not shown.

was associated with an increased dementia rate. PPI use showed risk
estimates close to unity for dementia occurring in age 80 to 89 years,
and no association was observed for dementia occurring from age 90
years. Sensitivity analyses supported the overall findings.

In line with recent observational studies, we found an increased rate
of dementia with PPI use.'8-21 Our findings of larger associations with
dementia occurring in earlier ages are consistent with two previous
studies that stratified by age at dementia diagnosis.®2° In contrast, a
study based on national Finnish registers by Taipale et al. reported no
clinically meaningful association between PPIs and AD.2 In that study,

individuals had a maximum of 17 years of available exposure history

compared to 24 years in our study. Since only AD cases were included,
potential increased risk of vascular cognitive decline cannot be ruled
out.

We observed that the age at dementia diagnosis interacted signif-
icantly with the association of interest, that is, the magnitude of the
effect of PPl use on dementia rate differed depending on this vari-
able. Previous studies that reported no association between PPIs and
dementia, including Taipale et al., did not stratify by age at dementia
diagnosis.?223 Thus, potential risk differences according to age at diag-
nosis were not accounted for and may therefore explain the differences

between study findings.
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Our finding of higher risk estimates for PPI initiation closest to
dementia diagnosis could represent an acceleration of dementia neu-
ropathology related to PPl use, but these results are more likely
influenced by reverse causation. Nevertheless, PPl initiation up to
>15 years before dementia diagnosis consistently yielded increased
dementia rates before age 90 years, potentially indicative of a long-
acting influence of PPIs on the brain in congruence with underly-
ing neurobiological processes leading to dementia which expectedly
progress gradually over decades.3?

A study by Friesen et al. based on registers from one Canadian
province followed three cohorts with different age groups at study
start and found highest risk estimates for dementia with PPl use in the
youngest cohort (start age 46 to 55 years).2* Although the authors did
not stratify by age at dementia diagnosis, this aligns with our study
results displaying higher dementia rates occurring at a younger age.
Overall, Friesen et al. reported no consistently increased dementia
risk with PPl use. However, while the highest cumulative dose cate-
gory of PPl use in Friesen et al. was >180 DDDs, corresponding to
about >6 months’ duration, we assessed longer duration intervals up
to >36 months (>1095 DDDs). Considering our observation of the
largest associations with long-term PPI use, further stratification of
cumulative PPl use in Friesen et al. may have yielded different results.

The observed association between cumulative PPl exposure and
increased dementia rate may be explained by PPI-related impacts on
cognition, for example, through neurodegeneration and/or cerebrovas-
cular damage.'>1640 One clinical trial found impairment in different
cognitive domains among individuals randomized to short-term PPI
use.’® PPIs can affect brain cells through various mechanisms, for
example, by increasing beta-amyloid levels, involved in the develop-
ment of AD.1¢ Long-term exposure may additionally increase vascular
dysfunction by impairing endothelial function,*° thereby accelerating
the progression of cerebrovascular damage potentially leading to vas-
cular dementia. Listed side-effects of PPl use include neurological,
psychological, and psychiatric symptoms/conditions.'21# Although the
mechanisms of these side effects have not been fully described, they
suggest non-negligible effects on the nervous system related to PPI
use. Mechanistic studies are needed to investigate the potential link
between PPI use and cognition. Furthermore, future studies should
explore if the potential PPl-associated risk of dementia varies across
dementia subtypes.

The association between PPl use and dementia was unambiguously
largest among the youngest cases of dementia, potentially suggestive
of a critical window of exposure where midlife PPl use affects demen-
tiarisk to alarger degree compared to late-life use. Further, the finding
could signify a declining impact of individual risk factors with advancing
age owing to lengthy ongoing neuropathological processes. Arguably,
dementia occurring at different ages can be considered different dis-
eases in terms of characteristics and risk factors.*! Whether the finding
is causal has yet to be determined.

Residual confounding factors could still have impacted the results,
especially if unmeasured risk factors for dementia (eg, lifestyle-related)
were more prevalent in PPl users compared to non-users, and if such

potential differences between exposed and unexposed participants

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

were more pronounced in the younger age groups compared to the
older age groups.

The sensitivity analysis restricted to individuals with a CCl score of
zero aimed at reducing confounding from somatic comorbidity. Though
the associations to some extent decreased in magnitude, the overall
findings remained stable, indicating that the observed association was
not entirely explained by somatic comorbidity as defined in the CCI.

Nevertheless, based on our real-world data consistently showing
the highest PPI-associated dementia risk among the youngest cases
of dementia, we have identified age at diagnosis as an important
effect-modifier. This influence should be investigated in future studies,
especially as to whether it translates to a critical window of exposure
which could shape the basis for future guidelines and interventions.
In the context of PPIs being among the most prescribed drugs world-
wide and with high prevalence of inappropriate use, further elucidation
of long-term safety in relation to dementia as well as interventions
promoting appropriate use is an important public health matter.2-6-6-10

Strengths of the study include the large nationwide study popula-
tion, long follow-up period, highly valid dementia diagnoses,3? exten-
sive details on cumulative exposure to PPl based on redeemed pre-
scriptions, and information on confounding factors. These strengths
were important to reliably investigate the research question of inter-
est.

This study had limitations. First, data on prescriptions before 1995,
over-the-counter use, and in-hospital intravenous use of PPl through-
out the study period were not available, leading to underestimating
PPI use in the cohort and possible misclassification of PPl users as
non-users, resulting in possible bias toward the null. However, PPI
use before 1995 as well as over-the-counter use and intravenous use
was relatively limited; thus, we do not consider this limitation to have
impacted the interpretation or generalizability of our findings.” Our
study period and age-restrictions were chosen to enhance detectabil-
ity of exposure among cohort members. Additionally, PPl users had a
higher mortality rate compared to non-users. This competing risk of
death further diluted the association between PPl use and dementia.
However, since our main finding was increased risk, we do not expect
the competing death risk to have impacted the overall interpretation.

Second, we could not differentiate between vascular dementia and
neurodegenerative etiologies of dementia due to low validity of non-
AD subtype diagnoses.32 Considering the previously reported positive
association between PPI use and risk of stroke,3® the observed associ-
ation with all-cause dementia could be reflecting the association with
stroke. However, the sensitivity analysis restricted to individuals with-
out stroke supported the main results, making it improbable that our
findings are entirely explained by stroke as an intermediary on the
causal pathway.

Third, dementia is underdiagnosed in the general population, but
we do not expect potential under-registered dementia diagnoses to be
differentially distributed among exposed and non-exposed, and thus
should not impact the external validity of our findings. This study was
based on national Danish registers and is therefore generalizable to
populations with similar demographics and healthcare. Nonetheless,

increasing and inappropriate PPI use has been reported in both West-
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ern and Eastern countries with rates comparable to those of the Danish
population, making Denmark a relevant research setting for the aim of
our study.2-6:8-10

Finally, we cannot exclude residual confounding by indication par-
ticularly among long-term PPI users. Although labelled indications for
PPIs are not known to be associated with dementia, these individu-
als may have a higher prevalence of unmeasured factors related to
dementia risk such as obesity and smoking.*? Danish healthcare reg-
isters do not hold information on lifestyle factors and therefore these
could not be taken directly into account.*®> Nonetheless, we adjusted
for important consequences related to unhealthy lifestyle, for example,
hypertension, dyslipidemia, diabetes, and CVD. Although we included
several potential confounders and greatly limited reverse causation
with 5-year lag windows, biases from residual confounding cannot
be ruled out. Still, the results remained robust in sensitivity analyses
aiming at reducing potential confounding.

In conclusion, exposure to PPls was found to be associated with an
increased rate of all-cause dementia occurring before 90 years of age
regardless of time of treatment initiation according to the diagnosis.
Longer cumulative duration of PPl use yielded higher risk estimates.
Further studies are warranted to determine if these findings represent
a causal effect of PPIs on dementia risk, and to explore risk differences

according to age at dementia diagnosis and dementia subtypes.
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